Background--Among patients with ischemic stroke and atrial fibrillation, which ones are at high risk of recurrent stroke is unclear. This study aimed to determine whether left atrial size was associated with long-term risk of stroke recurrence in patients with nonvalvular atrial fibrillation.
1
Atrial fibrillation is a well-known risk factor for thromboembolism and a predominant cause of cardioembolic stroke. In patients with nonvalvular atrial fibrillation (NVAF) who do not receive anticoagulation therapy, the risk of stroke or systemic thromboembolism can be estimated by using risk scores, such as the CHADS 2 score 2 and CHA 2 DS 2 -VASc score, 3 which account for risk factors including age, sex, hypertension, diabetes mellitus, chronic heart failure, and vascular diseases. A further risk score, the Anticoagulation and Risk Factors in Atrial Fibrillation (ATRIA) score, was also developed and validated for the prediction of stroke in patients with atrial fibrillation. 4, 5 Regarding the prediction of stroke in NVAF patients undergoing anticoagulation therapy, biomarker-based risk scores have been recently proposed. [6] [7] [8] [9] [10] In patients with sinus rhythm, left atrial diameter (LAD) was shown to predict a future occurrence of atrial fibrillation. [11] [12] [13] Additionally, in the general population [14] [15] [16] as well as in patients with stroke of all subtypes, 17 LAD was reported to be a predictor of cardiovascular events even after adjustment for atrial fibrillation. Therefore, LAD is expected to be a suitable marker for the prediction of future cardiovascular risk in NVAF patients. However, in patients with atrial fibrillation, various results have been reported thus far regarding LAD as a cardiovascular risk factor. Some studies showed a positive association between LAD and cardiovascular events, [18] [19] [20] [21] [22] whereas others found no obvious association. [23] [24] [25] [26] [27] [28] In this study, we hypothesized that left atrial size may be useful to predict the future incidence of recurrent stroke in NVAF patients with ischemic stroke. To test this hypothesis, we performed a multicenter prospective cohort study that enrolled NVAF patients with acute ischemic stroke. Additionally, patients were followed up after discharge. The aim of this study was to determine whether left atrial size is associated with the risk of stroke recurrence in patients with NVAF and ischemic stroke.
Methods

Study Design
The Fukuoka Stroke Registry is a multicenter hospital-based study in which patients with acute stroke are prospectively enrolled within 7 days of stroke onset (UMIN Clinical Trial Registry 000000800). Kyushu University Hospital, National Hospital Organization Kyushu Medical Center, National Hospital Organization Fukuoka-Higashi Medical Center, Fukuoka Red Cross Hospital, St. Mary's Hospital, Steel Memorial Yawata Hospital, and Japan Labor Health and Welfare Organization Kyushu Rosai Hospital in Fukuoka, Japan participate in this registry. 29, 30 The institutional review committee of each hospital approved the study protocol. Written informed consent was obtained from all participants. Stroke was defined as a sudden onset of nonconvulsive and focal neurologic deficit persisting more than 24 hours. Ischemic stroke was diagnosed by using computed tomography or magnetic resonance imaging.
Participants
Among stroke patients in the Fukuoka Stroke Registry between June 2007 and September 2014, 2062 patients diagnosed with ischemic stroke by means of computed tomography or magnetic resonance imaging with diffusionweighted magnetic resonance imaging also had atrial fibrillation. Atrial fibrillation was diagnosed based on electrocardiography during the index hospitalization or previous medical history. Paroxysmal, persistent, or permanent atrial fibrillation was considered atrial fibrillation. Of 2062 patients with ischemic stroke and atrial fibrillation, 38 patients with mitral valve stenosis or mechanical valve replacement, 240 patients in whom accurate data on LAD could not be obtained by transthoracic echocardiography, and 141 patients who had stroke or died during their hospitalization were excluded. Thus, we enrolled 1643 NVAF patients with ischemic stroke in this study. Among patients who initially agreed and gave consent to participate, 32 were lost to follow-up. Finally, information regarding events of interest was obtained for the remaining 1611 patients ( Figure S1 ).
Baseline Characteristics
We investigated baseline characteristics during the index hospitalization, including hypertension, diabetes mellitus, chronic heart disease, and vascular diseases. Hypertension was defined as systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg in the chronic stage, or as a previous history of treatment with antihypertensive drugs. Diabetes mellitus (chronic stage) was determined by either the diagnostic criteria of the Japan Diabetes Society 31 or based on medical history of diabetes mellitus. Chronic heart failure was defined as the presence of symptoms typical of heart failure (breathlessness at rest or during exercise, fatigue, tiredness, ankle swelling), signs typical of heart failure (tachycardia, tachypnea, pulmonary rales, pleural effusion, increased jugular venous pressure, peripheral edema, hepatomegaly), and objective evidence of a structural or functional cardiac abnormality at rest (cardiomegaly, third heart sound, cardiac murmurs, echocardiographic abnormality, and increased natriuretic peptide concentration). 32 Vascular diseases included ischemic heart diseases and peripheral arterial diseases. Ischemic heart disease included angina pectoris, myocardial infarction, and intervention or bypass surgery for coronary artery diseases before or during the hospitalization. What Are the Clinical Implications?
• A simple measurement of left atrial diameter provides clinically useful information on the future risk of recurrent stroke in nonvalvular atrial fibrillation patients undergoing anticoagulation therapy.
additionally investigated the history of any types of stroke before the index ischemic stroke. If we additionally identified causes of ischemic stroke other than fibrillation, such as large artery atherosclerosis, small vessel diseases, or other miscellaneous causes, we defined them as other potential causes for stroke. 34 Functional outcome was assessed by the modified Rankin Scale at discharge. Pre-or poststroke anticoagulation therapy was defined as oral anticoagulants prescribed before onset or at discharge, respectively. Oral anticoagulants included warfarin and direct oral anticoagulants (dabigatran, rivaroxaban, apixaban, and edoxaban).
Measurement of Indexed-LAD
The anteroposterior diameter of the left atrium was measured in the end systole, from the leading edge of the posterior aortic wall to the leading edge of the posterior left atrial wall in the parasternal long-axis view by using transthoracic echocardiography. 35 To standardize the value of LAD, we 
Follow-Up
The mean (AESD) length of hospitalization was 27AE17 days, and the index date was the date of discharge. After discharge, patients were followed up in person or through family members who consented to answer questions regarding the health status of patients by telephone interviews at 3, 6, and 12 months after the onset of stroke, and yearly thereafter. For each event, patients or their family members were interviewed by trained research nurses, who were masked to the clinical data of patients, using a standardized interview form. Information about the occurrence of all study outcomes of interest and the treatments that each patient underwent were collected. All event information was reviewed by the event adjudication committee members, who were masked to the clinical background of patients. When the committee suspected that a primary or secondary outcome occurred by reviewing the interview records, additional information was obtained from hospitals or other healthcare providers as needed.
Study Outcomes
The primary outcome was stroke recurrence, which included both ischemic and hemorrhagic stroke during follow-up. Hemorrhagic stroke included intracerebral hemorrhage and subarachnoidal hemorrhage. The secondary outcomes were death from any cause, recurrence of ischemic stroke, and hemorrhagic stroke.
Statistical Analysis
Patients were categorized into 4 groups according to the quartile of LADi, and the trends in their baseline characteristics were analyzed using the Jonckheere-Terpstra test or the Cochran-Armitage test. Cumulative event rates were calculated by the Kaplan-Meier method. Cause-specific hazard ratios were evaluated by a Cox proportional hazards model. Data were censored at the time of the first relevant outcome, the date of patient's death, or the date of patient's last follow-up. The Cox model included age, sex, hypertension, diabetes mellitus, chronic heart failure, and vascular diseases. Hazard ratios and 95% CIs of the second (Q2), third (Q3), and top quartiles (Q4) with reference to the bottom quartile (Q1) of LADi or per 1 cm/m 2 increase in LADi were assessed. The proportional hazards assumption was tested by log-log survival plots. For the sensitivity analysis, chronic kidney disease, history of stroke before the index ischemic stroke, modified Rankin Scale at discharge, and poststroke anticoagulation therapy were additionally included in the multivariable model. These variables were selected according to their clinical significance and the possibility of confounding. The Fine-Gray model was also used to evaluate subdistribution hazard ratios of recurrent stroke by regarding death as a competing risk. 37 Subgroup analysis was performed by age (≥80 or <80 years), sex (women or men), hypertension (yes or no), diabetes mellitus (yes or no), vascular diseases (yes or no), and chronic heart failure (yes or no). The heterogeneity of the association of LADi with outcomes in each subgroup was tested by adding an interaction term to the relevant Cox models. To determine whether LADi contributed to the improvement of risk prediction, we further evaluated c-statistics, integrated discrimination improvement, and net reclassification improvement for the survival data. [38] [39] [40] The estimated risk of recurrent stroke for 5 years of follow-up was calculated from a Cox model. The baseline risk prediction model was composed of the factors in the CHADS 2 score or CHA 2 DS 2 -VASc score. Integrated discrimination improvement, and noncategorical net reclassification improvement evaluated the improvement of the predicted probabilities and the correctness of reclassification, respectively, using a new model by adding LADi to the baseline model. 39, 40 CIs of c-statistics, integrated discrimination improvement, and net reclassification improvement were calculated by bootstrap resampling. Data were analyzed using SAS 9.4 (SAS Institute, Cary, NC). All tests were 2-sided, and a P value of <0.05 was considered to be statistically significant. 
Results
Baseline Characteristics of the Patients
LADi and Recurrent Stroke
The mean (AESD) follow-up time was 2.40AE1.63 years, and total follow-up time of the overall cohort was 3870 patientyears. During the follow-up period, 251 patients had recurrent stroke and 514 patients died. Cumulative event-free rates for stroke recurrence (FigureA) and those for stroke or death (FigureB) decreased in patients with larger LADi. We then used a Cox proportional hazards model to adjust for factors included in the CHA 2 DS 2 -VASc score (ie, age, sex, hypertension, diabetes mellitus, chronic heart failure, and vascular diseases). Consequently, hazard ratios of stroke recurrence increased significantly and linearly according to the LADi quartile (Table 2) .
LADi and Secondary Outcomes
The cumulative incidence and hazard ratios for the secondary outcomes were also compared according to LADi (Table S1 ). During follow-up, the hazard ratio of death showed an increasing trend with increasing LADi. Ischemic stroke occurred in 219 patients, and the cumulative incidence of ischemic stroke and the hazard ratio also significantly increased with LADi. By contrast, hemorrhagic stroke showed no significant difference in hazard ratios according to LADi.
Subgroup Analysis
A subgroup analysis was performed to elucidate whether there was heterogeneity in the association between LADi and stroke recurrence according to patient background characteristics. As a result, we found no evidence that the association differed according to subgroups by sex, hypertension, diabetes mellitus, vascular diseases, and chronic heart failure ( Figure S2 ). When we further included other variables in the multivariable model, such as chronic kidney disease, history of stroke before the index stroke, modified Rankin Scale at discharge, poststroke anticoagulation therapy, paroxysmal atrial fibrillation, and other potential causes for ischemic stroke, no interactions between LADi and these variables were found (P for heterogeneity >0.2). 
Sensitivity Analyses
To exclude the possible involvement of other factors, we further adjusted for potentially confounding factors, including chronic kidney disease, history of stroke before index ischemic stroke, modified Rankin Scale at discharge, and anticoagulation therapy (Table 3) . However, the association between LADi and recurrent stroke was unchanged. When death was regarded as the competing risk, subdistribution hazard ratios showed the same trends as cause-specific hazard ratios for recurrent stroke (Table 3 ). Furthermore, in 1464 patients who received anticoagulation therapy, similar trends for cause-specific hazard ratios of recurrent stroke were maintained (Table 4) .
Predictive Ability of LADi
Finally, we investigated whether LADi improved risk prediction of recurrent stroke (Table 5) . Compared with a predictive model composed of the factors of the CHADS 2 score (ie, age, hypertension, chronic heart failure, and diabetes mellitus), addition of LADi to the model significantly improved the c-statistics, integrated discrimination improvement, and continuous net reclassification improvement. Similarly, LADi significantly improved the predictive ability for recurrent stroke even when the factors of the CHA 2 DS 2 -VASc score (ie, age, sex, hypertension, chronic heart failure, diabetes mellitus, and vascular diseases) were included in the baseline model.
Discussion
The major findings of this study were as follows. (1) LADi was associated with increased risk of stroke recurrence even under anticoagulation therapy or when death was regarded as a competing risk. (2) There was no heterogeneity in the association between LADi and recurrent stroke according to the risk factors assessed in the CHA 2 DS 2 -VASc score. (3) LADi improved risk prediction of recurrent stroke compared with the factors in the CHADS 2 score or those in the CHA 2 DS 2 -VASc score. Whether LAD can be regarded as a predictor of stroke risk in NVAF patients remains unclear. A positive association between LAD and occurrence of stroke was mainly found in former studies that included small samples of patients with atrial fibrillation. [18] [19] [20] [21] [22] A recent prospective study with 2334 patients with atrial fibrillation, the AFFIRM study (Atrial Fibrillation Follow-Up Investigation of Rhythm Management), could not demonstrate a positive association between these 2 factors. 28 There may be some possible explanations for this discrepancy, such as sample size, study design (retrospective case-control, or prospective cohort studies), potential confounders, and subject heterogeneity (inclusion or exclusion of rheumatic and valvular heart disease). Our study clearly indicates that LAD is an independent predictor of stroke recurrence in a substantial number of NVAF patients with prior ischemic stroke. The present study suggests that ischemic stroke may still develop in NVAF patients with a large left atrium irrespective of potentially confounding factors and anticoagulation therapy. Previous studies showed that left atrial enlargement was associated with left atrial spontaneous echo contrast. [41] [42] [43] Moreover, Ayirala et al reported that a larger left atrial volume index was a significant predictor of the presence of left atrial appendage thrombus in 334 patients with atrial fibrillation undergoing transesophageal echocardiography before cardioversion. 44 Therefore, left atrial enlargement probably contributes to thrombogenesis via blood stasis in the left atrium, consequently increasing the risk of thromboembolic events. In our study, PT-INR was higher at the onset of the index stroke as the LAD size increased, since anticoagulants were more frequently prescribed before the index stroke with increasing LADi (Table S2) . Nevertheless, spontaneous echo contrast and D-dimer levels were still higher as LADi increased. Thus, appropriate anticoagulation is highly recommended, especially for NVAF patients with left atrial enlargement. The range of anticoagulation that is optimal for preventing recurrent stroke in patients with large left atrium remains to be clarified. Recently, research has focused on the clinical significance of biomarkers to improve risk stratification for stroke in patients with atrial fibrillation. 45 Among them, N-terminal pro-B-type natriuretic peptide may be a promising marker for improving stroke prediction in atrial fibrillation. 6, 9, 46 Since N-terminal pro-B-type natriuretic peptide levels correlate positively with left atrial volume, increased levels of N-terminal pro-B-type natriuretic peptide may at least partially reflect atrial dysfunction. 47 Our study suggests that a simple This study has some limitations. There was a possibility of selection bias because 274 patients were excluded from the study because of the absence of data on LADi or follow-up ( Figure S1 ). However, baseline characteristics did not differ between those with and without data on transthoracic echocardiography (Table S3 ). The measurement of LAD was not standardized because ultrasonographers at each institution performed the examination during hospitalization using the echocardiographic equipment available at each institution. Since left atrial dilatation can occur spatially in an asymmetric way, LAD does not always represent actual left atrial volume. Additionally, this study did not consider how patients were treated during the follow-up period. Although these real-world settings may weaken the association, they also suggest the robustness of the findings. Finally, this study included only Japanese patients hospitalized in a defined geographic region, which limits the generalizability of our findings.
Conclusions
LADi was independently associated with the risk of recurrent stroke in NVAF patients with previous ischemic stroke. Patients with NVAF and large left atrium should be considered at high risk for future recurrent stroke. 
